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Formation Kinetics and Release Behavior
of R22(CHCIF,) Hydrate in the Presence of
NaCl, MgCl,, NiCl,

Lee, Changho

Department of Ocean Energy & Resources Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

Nowadays, gas hydrate has been being studied as application technology in
various fields such as natural gas transportation, seawater desalination and gas
separation/storage as well as the importance of energy source. In this study,
hydrate formation kinetics and structural transition analysis in the presence of
formation inhibitor were performed. And we conducted the experiments of
hydrate formation kinetic and structure analysis using X-ray diffraction and
Raman spectroscopy with R22(CHCIF;) gas as formation gas in the addition of
electrolyte(NaCl. MgCl,. NiCly) that inhibits formation of gas hydrate. In the case
of hydrate formation kinetics, it is confirmed that formation was started
immediately after the reaction without induction time. And as a result of the
analysis of formation kinetics dependent on the kind and the concentration of
the added electrolyte and influence of memory effect, it represents that inhibiting
effect of hydrate formation is more active in order of MgClL>NaCI>NiCl,. R22
hydrate formed structure [ hydrate and there was no structural transition by
addition of salt. Also, the data of the Raman spectra of R22 hydrate that were

not reported in the past research were obtained in this study.

KEY WORDS: Gas hydrate ; R22(CHCIF;) ; Formation Kinetics ; Raman

spectroscopy; X-ray diffraction.
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1.1. 7}238lo] = °] E(Gas hydrate)

7} slo]EH o] E(gas hydrate) E& IAHXFHOE  Sto| S olE
(clathrate hydrate)—’: A2, 1o FoA T4 (hydrogen-bonded)
< °|FE Z(h st) el CH, CO, T3 22 AEA 7h2(guest) 7}
x5 Az A 2F= olF2 A = LFoIt(Sloan,
1998).

AA7t2e] o]z 5 EF EF 7t BAE 9% 72 dto] =g
olES] Yo 8 FF molzrt wEle 5}
A7k slol=golEo tidk Be AT APE g} o)F I FE
A9 2 A FHHS| tEFe] CHob 7k o= oE dEHz 2E
o] Adv Aol A=l ol gk A B APVt "L FUe
(Hammerschmidt et. al., 1934).

7t SlolEdolEY A TEFE Jeffreysl At mE ¥l 23|
nmE E7EHY 5Fo FPoEE 52 5%2 52%°, 475%%] glon, o
£ 5%’ = 12719 57t8 W 27)19 62ty WO o] Rzl 14 A 2]

&S Ustt(effrey, 1984). 7txslo|EHo|EE FAs= AATRE
T3 EZRFHE 7t BA9 A7]d @t McMulan and  Jefrey 7t
A% F % I, Mak and McMullan®] 2H3 Fx 10, 183

Ripmester 59 A7%lol| oJsfA B3 Fx He o] =AA VA=
TR, Z+ Fxo AAEAH EXMF 7)FEE FEXE OFE 19



E 1. 7t slol=go|Ee] Fxd

=4 "l

(Sloan, 2003)

Hydrate
crystal Structure I Structure II Structure H
structure
Crystal Type cubic cubic hexagonal
Space Group Pm3n Fd3m P6/mmc
Lattice
a=1.293 a=1.731 a=1.226, ¢=1.017
Parameters(nm)
mediu
Cavity small | large | small | large | small large
m
Cavity Type 5 5'%6* A’ 5%6* 52 | 4% | 5%°
Number of
N 2 6 16 8 3 2 1
Cavities
Average Cavity
) 0391 | 0433 | 0.3902 | 04683 | 0391 | 0.406 | 0.571
Radius(nm)
Coordination
20 24 20 28 20 20 36
Number®
Number of
Water
46 136 34
Molecules in
the Unit Cell
Ideal Gas 8X - 16Y - 136H,
.. | 6X - 2Y - 46HO 1X - 3Y - 2Z - 34H,0
Composition O

a. Number of Oxygen at the periphery of each cavity

b. X and Y refer to large voids and 12-hedra, respectively; Z indicates 4°5°6°

the cavity.



stolEdo]E FZ& [ 2 McMullan and Jeffreyoll 3l o€l SAlo]

Eo XA SdEY d7AS we AT 29 119 2ol 7= 19 JE

T2 1,203 me LS 7HAH, Z2 F3d 2709 127 A (Pentagonal

Dodecahedron ; 5%)¢} & FF<2U 6719 1494 (Tetrakaidecahedron ;

5% 2 FAE Utk Ze T 12HAlE tEEQ o= o EL

T2A 72 I, 7x O, 7% Hll 353802 X35 e 2=
z

2o o SHEH= % 47

< 7K o & T3 14HAE sty S4% "ol 4 74y
Ho] Eolfle F MY Hoe=m FAHH Jeoenw Fx I, 72 IE o F
+ % s 7 HlTHEe FEE AY o olHd FFOE ol F
ol 7 & F4 A% Zol7 0276 nmolAl 0.284 mell 23tm, 2
&2h2 105.5°0 41 124.3° Ate]E AFHAE  Z(tetrahedral angle, 109.5°)ll
A it 37°9 HAE 7EAAL #gth JEle WA (cubic) T ROIH, ©

AAALS] Z71E 1.293 nmo|th URkF o2 7pxEaL 270] 058 nm 7|
Tl WE, ogr, A&, ojitsEr A Fol 7£E 1S FAIH(McMullen
and Jeffrey, 1965).



Mak and McMullan®] ¢J3 THF(Tetrahydrofuran)®t &3t+45 XA
3ld 4% A3 WA stolEdelE &2 I+ 18 1-13 o] tho]
ol FHlo AAE 7HAH 16719 12AA ()} 8719 16W A (576 =
T5o] JdtH(Mark and McMullan, 1965). 7% T lA ¢ 22 F&<
12HAe] B¢ 72 1oAY 2 533 2 Feolxvt & 194 &
A F Uxo] & OE TFAIEA 539 Aoy = #4499
Variation Radius7} 7% 19149 128A19} ztol7F = AL & F 9
th ool Tz 09 Fe 53¢ RHAY Fx 09 & 533 A2gs

o] 47171 Wj&Eelth T+& HolAe & 53 168A= 4249 &
Hol o7tge] Mog MoQs RYoE xR 3fol=HolE
= O A Y 5F FoA 7P 73S "1 ok olEd FF
FoAR T2 Ov $2ZA%9 Zol7t 02767 mollA 0.812 nm7}A]
s, A37He 105.73°0014 1 9.87°Ake] 2 AL g Zholl A H 3.0°9]
Heth Fx 0 &3 72 134 72 49A 7%
o, @A AAY] 271 1.731 molth. 7h2=2Ake] 27 °] 059 ~ 0.69 mn
& (iso-butane), <& Fo] 7 NE o|F= 7kl
McMullen, 1965).
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+ Ripmeester 5ol oJ&l A=s &3 A=A~

Tt T3 A7I7F AJHJH. SelEHClESE TS T

7 TEF T M8 & 8% 20984 HE s X
aM, 9] van der Walls A2 2 FA3g Ay} w40l 0571 el

ZAoE deA . 72 HE FXste EE=Es WEAEEL, vE

ANZ23, Y34t o] Ath(Ripmeester et al., 1987).
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Pentagonal Tetrakaidecahedron
Dodecahedron(512) (51262)
p‘ ﬁ Structure I q S
Pentagonal J ‘ \
Dodecahedron(5%?) Hexaka(lsdlcze;:)hedron
3 @ ) I I q Structure H
Pentagonal
Dodecahedron(512) Dog:g::adrron 1cO e
(435663)

a8 1.1 712sto|EgolE AA F+%



Azole ThFd FRCIA spastolSdolEe] ¥4 UHE ol FF S
Aol WE ATIE Beol o] Tl 1 Ytk olHF SR g W
A7H ok 7k nASE 7]E(Gas To Solid; GTS)olth. 7k 1A
17}&% Zaal3 Qe A Jag naew Wied
Fos Avle slEeld, FaFre shazld

= ¥o]z}]lo] Qﬂlﬁr?_ﬁﬂ'/\(hqulﬁed Natural Gas; LNG)E ©]&
& = CHolER AAAA HAANAE AA 2 F45)
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A THGudmundsson et al., 1997). 7}2~ 3}o] =&

L EEE U BAE BHE A AE olfe FoME
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el
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o
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o3

1E 9 A 75 ¥ (capacity) ]1:} =, 1 a9 Uﬂ‘?} 7k 2=stol =

olEZ} g EH A2 dete] 2xdolA] 170 are] W©H/F2~9 08 and] &

TG Jxstol=golEx EEH Af ] o5 o] FoA

qerg 2% oy 24 5 st gaEH s B3 JtaE A £t
H+ 5] I (Gudmundsson et al., 1997).

HIole a9 129 2ol A4 7txe FFHol e s 279 F
e s MAUELR £Vt 5 54 7}’\«] Al Ee 9
ZRo] 7hedk A& ol &st] AF 2dste] FHUUAJ CO, . F71A4
=4 423 2goA HAH= CHol 25 2 XVE}O A% WRew &
WA A FolH(Kang et al, 2000), A A YQ] FA4E
= WAA T BT ATECRNA Aol o] FAA L Ath(Lee et al,
2005).
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5A —

6A——

TA——

8A——

Hydrate former

— Ar

— Kr

— N,

—— 0:

rom— CH4
— Xe¢; H,S

— CO;

fr— CIH‘
rm— c-C_-,H‘
— (CH,),0

—_— CJHS
= is0-C,H,,

a9 1.2

No Hydrates

523 H,0

5% H,0

723 H,0

17 H,0

Structure H hydrate

Cavities Occupied

5 12 4 51269
Structure I1

§ 12 4 §1262
Structure |

51 161
Structure |

Sl 264
Structure I1

A B2 7)1} dtolEgo]E Fx 2 Hydration number$}2)
32 A (Stackelberg(1949), Ripmeester(1987))



12 7Y &

B dAFdAE AgAdA dEdHe fdedse T2 AR Nadl,
MgCl,, NiCLE 27t 5, 10 wt% A O 2 &t F/HrTol H7re § 44
g 2 A sleledolEE BAAIA ARl wE dle|=dolE 23 <k
FE4 28a R22 ste]l=dolE 3l o] H7bE R22 ste|=d o] Bl
TZEAS FYEAT st = lE 7ES A &3kt ojA A
Fol AL e dUA A2 QT g FH Hgol oM B

£S5 ¥o= 3 Aok 2YEE o)Hd AE =W YA FE
A7tz B2 A7 28

=

rfo
El

H AFdAE WujrtxE &85 = R22(CHCF,) 7t2=& AH8-3t3ith
gol] T td WujrtaEs 712 SholEEolE M Al T2 Wl b
AtAl ZREO Y 24 AAAFE 9FE FHSeo et al,
2004). R22 7l2=e 72 19 sloj=dolEE Ay & 552 ¢4
2o g HfatH, 0.3 bard] AYelA = 28315 K H2¢ ntYd =3 xAd
A slel 2ol EE AR £ 7] wWEo 348 A& A duA HlE&S

H423d 4 Y dloj=golE A 7holTh

T

stol=dgolE Tee A &sket oA F23 24 Stol=doE
Aol Azt = AR o] fREE AEE A A7

L solmdolE B HlEe fo BE Tz
[ex]

980 & 4 o JPEE B AjdAiE AR xdEe] A @
& =59 NaCl, MgCl,, NiCl, 7} 77+ 5, 10 wt% 7} A7b® 498
stol=dlole A4 A o+ HAE Fata] Azt B4 A4 e el

_]

o
3t AL X-ray diffraction (XRD) % Raman spectroscopy =41 &3}
TZEAS AASIY R22 sle|=go]Eet dEo] H7lE R22 3}o]
Eo] 7z ol Y ghit 2fEvte) WaE A SR
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2 % Ad¥H 2 AX

21 Hydrate Formation Kinetics
211 A9l R FA
71 whel o] ste|EHOIE A8 VES A-aee AY =
oA EEAQ Zwe) WS etk oNF WA neksy] sk
A z70] A ERE Thae] Aoy xS AN AFE HTHA 9
TH B T857] wEdd B2 ATolA 8487k, A7t

S4e B4, 28al sol=dolE A AIRE EJE A Er]Ee] o
[e]
=

sloltgolE A& 71&2 slo]=# o]E Formation Kinetics 4
olEHolE P Al L8 EE AIZF 2 AR At mE kg st

ol3le] ZEIAEFE B3I duHEF o Z  Slo]:do]E Formation

Kinetics &41 Constant pressure - Constant Temperature W'H¥}
Constant Temperature - Constant Volume ¥ F 7}A WAooz £4

o] 7}satth HAe AL Al~E Ao ¥ fA & F7] st dlol
EYolE Yol 7k2rF XA HS FAA77] S8t AEH o
2 727 BEEHL BRESE S HolE Yol ZRHE 7129 4

A7) wEA BAgess solvE B4E Fdsts Aot T
%]%oﬂ“l—f‘ }‘_JQ 7]-/\‘/] OLQ ‘l.ﬂ /\])\Eﬂ 1,].]0]] 7]1)—\—% _1}_]_%_3}_;(] ?%_—,]_7_ Zj}
28 4Ee BAst] FloldEe EAsts wHelth o dTNE

Constant Temperature - Constant Volume WWHOZ 3Jlo]=golE

Formation KineticsE #4138} 31 tHGuo and Qiu, 2002).
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% 2alollAe= E@d7EE Sto]=#o] EC] Formation Kinetics 4=
g 318t stol=dolE A AAo] RAEE YEh A o] AlZ=H
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I AR Bew Beol=g HAAA T/ WMol sholdo] =)
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Reactor Cell
Water bath
Magnetic stirrer

Thermocouple (G)

Thermocouple (L)

Pressure Sensor
Blade

Circulator

9. Pressure gauge

I T

10. Mixture gas bambe

8 11. Computer

a3 21 19t FolegolE e Az wAl%
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212 2@

oA Ag7 ukel Zo] ol A4 = Constant Temperature -

Constant Volume WH o 2 ’S}O]EH]O].E_ Formation KineticsE #2413}

o WA, 100 mle] /T v 5L &9 F/HTl Nadl, MgCl,

NiCLE 77} 5, 10 wt% S 7+ #%@1—% HEsAol Fdstt. shol=

golEZE AAEHA &= P/T 99< 7IE £(Chun et al, 2000)°l 4

F3138kal R22 7F27F HskE R 2790 6.8bar/288.15Ke] ZH O R JIAE
3

TFTUS F 308 ¢ A AFHG AAHZE AR H, slo|=HOE A
Az 27815K7HA] 22 %A T, A3=E R2E A ASH] sl
o 514

ol3to] §FQl 42barZ §HS WFol T & AR B 4P
- F¥ol 42bar® UARSA FAH Aol vadE g
AT 3 AHEE AR ZEAPLS o] §3ke] Akl wE

2
LYo (R )

ol

ol

38

)

oY E 7Hs

o+ WEE 7SS vt E 2EolEE 7hsAZl & FE AAY A
Zbo] 7] E& oA, slojEdolE Aol o3 <t FA4tst 2 Edwt
o] HFEHE AAE YA gde=m 7|F3on, ¥ ol slol
EYolE Aol JPHA e =, ohgo] WSy 3R e ARt
A] slo] =8| o] E Formation Kinetics 7] &S %33} % T

Formation Kinetics 4% °] ©¢ % &H& /st =3 E 7F2=E A
At &, &2 oA 3 AZE F¢ stelEH ol EE sig AR 1Y
a1 fle 2 RS whEste] stoltgelo] wWRE oI EES A &3
Formation Kinetics A3 Pt & A s P Ao ols)&

w71 98t =2438% g =g O9 220 JERR AT
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# o] E Formation Kinetics 71 B
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a9 2.2 7} &}o)
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(to~ts) TXF : “Gas dissolution zone” &, A3 HAJW ¥ shollA
kv g 2Eo#E THEAIZ & ThaT 8o g o] Hjto] o F
oA &= F7tolt}. sl A= F8A U 7txa7} 23 FHO] § ol g7 &
oAU e ¢Eel ps AEo =23t

(ts~tr) 7%+ : “Nucleation zone” ©] FZtollM= &7} gRHo| A=
o] bHo] Ao dAEA FAET. r o|Fol= stolEYolE AA
3l Aol AztE o] gfHo] FA4SHA T AastA HE=E, o t0FE w 73t
7FA1 9] A ZF ZFA S Induction timel Z 7] &S}

(tr~td) T%F : “Crystal growth zone” £ZZ 02 slo]Tfo]E A o]
AAAEEA k¥ F437E ol FofA= Fteltt. o] W, sho]=d o
Aol ot RS E FACl Loy, td o] Fel= stol=HolE A
dol T dAT dH= FASH, ol H AddES T "ok

t

rﬂ

stolzglol e AA WHEe A7]% uhel o] B4 AriH o HajH ol
et Zlo] ofun], A4 7kx 9 solEdolE A7MEe] HFHo| wel
gal A ol FAG AHHAAY 5E wee AR 2 F A4

T= St
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22 High Resolution Powder X-ray diffraction
221 4343

XL 01—100 A Aol IAS 71A 1, XRDE XA A A 9 73
ARl A Aol AEAgSs Zidtoeg AT 3d my Xde 1
&, QA 23 AR 45 B o8] BA=ET

2d ® sin=n\ 1)

ol WA S Bragg 2lole} H2r, A xalo] YElE U470
7 ANAT AR 244 d7h AT QukR oz XA Syl BalA
E A XA AR Wl olfE ZE enckE ZHAY 15EA u
18 % wgshe 4% 207 ASH I Ak 19 233 2ol o] A
xdol 6 YAztom AW AT, YRE WAL ARE A 2 2H
"ol 94 o JAEh of F URE 4TS, UE A 3EAU 9
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Wave'1 Incident o Reflected
S angle angle
Atomic
plane
d .". ,
Atomic
Elane
PR
d sinl

a9 23 X-A 3"l g
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222 AFAR L U

2 AFollA= 298 249 KAIST Research Analysis Center (KARA)O
A BR3lal & RigakuAbe] MAX—2500< ©]83te NaCle 371314
22 R22 3to]=d o] E9} NaCle 5, 10wt% 7k R22 3to] = o] E Y

=25 A8k

-

ag 24 XA 34 A (RIGAKU D/MAX—2500)

AHE-H X-ray diffraction®] wavelength= 1.54960 A, step sizex 0.02 °
2A, 545" WM £4°] AHAH. 2= XRD 242 48 71
zatolelol 2] dlelE WAl 90 Kol A Faaisic
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2.3 Raman spectroscopy

231 2349
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2, 1% 250 et wlel 7o)

2 zAbstE Al 7HA
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2o Ui
o 2ee) oy
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7‘__12

(Rayleigh scattering), A

scattering)°] 2t

(Raman

(Anti-stokes scattering) &= U-dATh Y ALE
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Energy(hv,) / Scattering(vy+v,)

Rayleigh
Scattering(vo)
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232 AFAX A H=HH

2 AFoAes FEAZE Customized Raman spectrometerE AH-8-3}

Ko, Ad2 off ®o YERf AT

Experimental Condition

Temperature 150—290 K
Laser Nd-YAG (532nm)
Laser power 150mW

Spectra range 1000—4000cm™
Grating 1800 grooves/nm
Microscope x20

Customized Raman spectrometer= 5321 nm¢| 333 150 mWe| =
= 7FA= Nd-YAG Laser AH88IH, & 2914 54 =d< UER
. Aol A= 1800 grooves/nm®] grating= AR&3tY & ®3lsS 7HA
1000-3500 cm™ Alole] gt I E F 5t th =3 S/N ratiod &
£ 93l Exposure time 1%, Accumulation time 103 = A3l
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3% AdZay U E9
3.1 Hydrate Formation Kinetics %

3.1.1 NaCl, MgCly, NiCl, % 8 Formation Kinetics 2%}

a9 31 I8lal I9 32¢ 989 TF ¥ dte]=#°]lE Formation
KineticsE 77} 5, 10wt% 2] s=EZ Yepd Zlolth I =ZolA &
A=ol, R22 hydrate®] 79 @iol F7tHol AA 4 A=, diEe] £
st AE] 25 Induction time©] $lo] HEE A2 2
Aol dojds& & 4= AT} 4.2 bar/2785 Ko ZAdA ARS H7st
2 3 AAAAZ R22 dto]l=dlolEx TiEF 600 s FZolA Ao 98
Hol Zstel A Aoyl &gken, 1500 s7kA 3.3 bard S+HAEH7t
Jojwrty. 18]3L NaCl, MgCl,, NiClL7F 5wt% 2 E3% slo]=go|Ee
74%- 1500 s7+A Z+zb 2.89, 2.85, 3.04 bare] 7} EF Fo] FlFon,
10wt% ¥ Z3HE slol=golES] A-¢ 1500 s7HA 2+2f 2.09, 1.82, 2.52
bar®] 7t ZHFES FAsAT AT HolHE F3iA R22 A 7H29
37 oE 7k=9t 28] Induction timeo] glo] =uiE Aol AlZtH=
E4E RoFH, d& TR mTE sStol=dEolE Y JA AFe
NiCl, < NaCl < MgCl, ¢ o2 yegds & 5 At 183 NaCls
MgCL9] 5wtk AHFFdS B AolE Holx o, 10wthd o
o APEFZY A7} AAE Aer Hol w&7F F7F E4E MgChLY
stolEdo]E A Aol o AiFE FAd + Ao

4»
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3.1.2 NaCl, MgCl,, NiCl, % ¥ Formation Kinetics 23}

% 33, 1Y 34, 198 3594 ZF dEo v&E ¥ SloltdolE
formation KineticsE YWERRITE o] HlolHo+= ZZte] I8 &7}

/Mg E 72 2R o] MEste FFE AT F ATh Swi%ellA 9
HAF 7F2 2HZFT 10wtk A EH=F] Aol& YE = Ape Nadl,
MgCl,, NiCLolA Z+z 0.8, 1.03, 052 barZ YElGom, MgChe &%

Z7to] wE stolodlolE A4 A Tt 4 F& U+ AUtk

72 =
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= R22 pure hydrate
a0l 'g - R22 hydrate with NiCl2 5 wt%
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3.1.3 Memory effectd] @& Formation Kinetics ¥3}

Memory effecte]l W& 3lo]=# o] E Formation Kinetics& 1% 3.6, 1
d 37, 19 38 ¥ 399 UEUWAT. HFS Memory effectd] 785
Induction timee ZAA7l= FFY HIE AT 4 Aoy, o o
TollA AFEE R22 7F2E BME9] Induction timeo] YERYA] ¢Fu A A
o] AZEHAUSEE Memory effecto] WE Formation Kinetics®] W37}
AU ofF wmE Ao = oSttt AN Tz o M B niet
o] 3lo]=#Ho]E Induction timeS &LSHAl EA13HA] &k AlZt3 &
Aol Aol AlAElen, FUHA o R So|EYolE HA LRV FHR

o Wby es & 5 Ao, HF st LHF EZ memory effectE 3

S35l YkS ASERT FUISIATE O ZAA HE viel 2ol 4ES
A7VeHA] g2 dlol=#olES] 49 Memory effects A-83HA] &<
749-H T} 1500 soll Al EF o] 3.30 bardll A 344 barZ 0.14 bar 57}3}

Rom, NaCl, MgCl,, NaCl, Zt7te] o] 235 slo| =g o] EoA &
5wt% o] H7FEFelA Zt2 0.1, 0.1, 0.15 bar ZLE]3L 10wt% 2] H 7ol A
= 7z+7} 0.1, 0.07, 0.12 bar®] 7} R o)zt YEIESS Felstyth

Fl
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= R22 hydrate with NaCl 5 wt%
s0L « R22 hydrate with NaCl 5 wt% (M)
' +  R22 hydrate with NaCl 10 wt%
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= 35
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- R22 hydrate with MgCl2 5 wt%
ol - R22 hydrate with MgCl2 5 wt% (M)
' +  R22 hydrate with MgCl2 10 wt%
\ v R22 hydrate with MgClz 10 wt% (M)
p— 35+ 3
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_g 3
F 30}
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32 X-A 34 A3

AHE R22 ste]=#@ o] ES} NaCle]l H7FE R22 sfo]=go]ES Fx
g 243%taA XRD 245 AAsHSAH. XRD w9 24 A3, R22 7k~
Slo] =@ o] Ex= space group©l Pm3nQl cubic F+ZE 7FAH, A}
unit cell parameter) a = 11.95 A2 F9HAh. 19 310914 e}
£ R22 7txslol=#o]E9] XRD ¥ I+ hexagonal T%X! ice(lh)E Al
9)eta, BF FXx 1 3lo)=golEe 71A% Aotk =g, 17 3113 2
°] NaCl& FH7tstel AN stolEgolEdAr Fx [& AAse
CO+CH; A28z dxats Ao 2 stelfth(Lee ef al, 2012) %3}, 71
¥ 312004 yUERA wie} Zo] NaCle] $=E 10 wthE F7HAIAS 7
Fol= sto]Edo]E T2 Wole QA gt

—~
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3.3 Raman spectroscopy

3.3.1 Raman spectroscopy 2%}

E 32 uAGES R22 AA, R22 dtol=# o]
stol =gl ES AEAIZ S We gtvla WHEtE 2l
Aete] o] AEE A7 eRbEgEoR 43 Aotk A4z 71A
Fe] R229] EpRE 2~ EFH(Magill et al, 1986) LAGEH S R2E HA 4
A& E171A APAA 71E AT & (Lefebvre and Anderson, 1992)3%
Alas] Hgrow, NaCl 10wthE H7He w88 =3 QA -4 Z917]0
A BAANA SGHEGHoR S48k R22 sho| = o] EoA UElu=2t
T ovl=e v FoEH Z]Ed dATHA FUd Tx IS YHse
R22 stol=golEe] guk w3 X2 ols] Btk w3 NaCle A7}
@ R2 stol=dlolEe] 2wt A= Egs) Lo, ¥ Hrlol nje
T2 9 g5 93 WsE gEs) Rk

% 313 2Ade] R2E Fy B3Hos B AnE Jehith
71¥& R22 solid® Raman spectroscopy -7 A&} AR A3E B
i, dAda £9171835 K)olAd 8" sid a7 23] 3% 71&

Aol Ao 80K dlolE o} A At
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E 3. R229| Aol mE vt ~HEY W3

R22 solid ) R22
R22 Gas R22 solid
, (Lefebvre and _ hydrate .
(Magil et (This . Descrip.
0 Anderson) 9 (This
al 80K 20K wor work)
369 370 369
366 370 CF, rock
373 374 374
410 410 410 411
414 CF, wag
416 416 416 416
595 596 CF,
597 595 594 ]
597 597 scissor
776
777 778
794 791 796
799 797 802 803 Cal
808.8
802 799 822 836 stretch
822 803 832
832 823
833
1058
1058 1065
1071 1070 1074
CF, sym.
1107.1 1080 1076 1085 1097
stretch
1083 1082 1097
1093 1089
1095
1107 1109 1110 )
1127 1114 CF, twist
1115 1114 1119
1303 HCCl
1304 .
1312 1306 1309 1309 deformatio
1308
1308 n
1340
1342 CF, asym.
1352.8 1345 1347 1345
1346 stretch
1348
3044 CH
3021 3047 3046 3030
3051 stretch
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O 314 Nadg H7hel §a1412 SAg ARAL AN
sk AN lee TH-Tle] it W aE vehdth s Ao ol

Zl 29k HolH+ ¢Fe 2% 93E A3 7|EE 3 (Davison et al,
1986)2] dHlolEl<} vlwstAT dEel 2t 939 28 NaCls #H7hst
Ice] =9 A FaEH <44 dolEHe}t o] NaCle HE3 9=
= 2B § 2

S T8 T S5 fIAARE 3404, 3421, 3433, 3537 cm'9] FIE IdH 2
22X, 712 2837 58 gy goly AAE A3ty
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9 3152 R22 sfol=dolE9] gyt HaE e Aot 1000cm™
o]3te] FAolA YEh}E maE 370, 411-416, 489, 594, 803-836
cmlZA] o)lE 71E BT A= AolE 1A R22 solidet ALY
FAH A dUebit. ok R22 solidoll A mlekslA] ZRE YA
489 cm™9] ZA=rt 27 AAF S ¢ 4 Aok 222 1000cm™ o] 2
7 2 A= R22 solide} TFEEE AAges 4 5 AT

1000 cm™ ©]/¢2] 79 solid phase?] 23+ G 1058~1093 cm™ ol A
sbrzl o 2 UYEhE CF, sym. stretche] 313 g oiel 1107~1309cm™
AN AEA o2 JElYE CF, twist §Gth7) slol=go|Ede 242t
1097, 1114 cm™9] 32 T=FF o] YElG o, 3047cm™ oA YERRE
C-H stretch®] 7% 3030 cm'® A ZEHJ LSS Felstyct o] 2x=
F3t R22 stol=g ol EVE AAAEHAS wl, R22 Solidet 7HE F+E5 o
A= 29t J3= 1) CF sym. stretch®} CF, twist FEthrt 242t
1097, 1114cm®| A2 G=5o] Yelu= 543, 2) C-H stretchd]
A7} 3047cm™oll A 3030cm™e] I AR HAZEHE EFoz FRI

e & etk

4 &
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% 316, 317914 = NaCls F7Fg R22 slo]=#o]E9] gyt ~HE
25 Yehli™, NaClo] Z35HA F%s 459 4T XA veERd
7:]34‘9]‘ NaCle] EZ3H R22 dto]Ego]ES XRD H°|HE Tt &

g A3 NaCle]l FH7FdE stol=go]EoA Fx2A<] WHol7l dojutA

[ 8 .l

=g gl

=3 NaClel #%7F o443 NaCl 339 FA=r Auidoez g%
FalAl UERE S ™, R22 solid phaseol| A+ v ¢FtAl UEFGE 489cm™ 3
9] 7§ slol =g o] EofA E%% A YEhYH, NaClel 5571 =713
A B5 AstA Yebds Flskith

0\1

o
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7}2s BpolEHolE JeS A&t AojA 4T 84+ slol=y
o|E Aol AlFEE AREH Aol @EFH= AE HAIANYE A
AREE stol=dolE B HIMES] fiol mE T WolE: ATEs
Zolgt & & Utk 2¥EE & dAFodAE Aol EFH YA ¥
ZF59 NaCl, MgCl,, NiCl, 7} Z+2F 5, 10 wt% 7} 27he 898 o]
&3te] slol=dolE A Al ¥ A4S Tl ARt WE BAY FEe
SIS AL X-ray diffraction (XRD) % Raman spectroscopy #+4-& 3}t

of FEEAS AN R22 do|EFolESt o] HUFE R22 dfol=
golEe] 7= o] Bl gut AHEte] WS Slstalat stk

T #|, Hydrate formation Kinetics S|4l R22 hydrate®] 79 & &°]
A7rE o] AA g AH, Aol £E B EF Induction time $1°]
=2 o] AFtEE SAS BHAFH, d& S/ wE stol=do]
E A 9A &3+ NiCl, < NaCl < MgCL9] 22 YedS & F
AATE Memory effectol] T2 sto] =80 E Y G EAolA, BEF9

Memory effect®] 7-9- Induction timeS #AA7]E Fde] WsE &<l

& 4 Jou, oyl AFYA Induction timee FH3HAl EAISHA] sk
A AE FAl Aol AREReH, FUHH R slo|l=dolE YA
£571 FHEG g es & AMen, HF Ut Y =3
memory effects 2-&381A F%S AFET F7FeAT

X-ray diffraction 4] Ao = R22 sto]=do|EVl A= 7=
7F SIS #lelen, diol HUMENE wexE 722 WHole <o

4 ree o 4 AT
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R22 stol=go|Ee] gt 113 423 1000cm™ ©]ste] FA A
Bl 9 3= 370, 411-416, 489, 594, 803-836 cm™ 4] R22 solide} 7 ¢
A A4S Ytk ok R22 solidoll A mlekskAl E2E AW 489
em™9] ZErt 27 FAAFeS & & Aoh 28 1000cm™ o] ¥ H =
A& R22 solide} TEEE 23S 4S5 JATH

1000 cm™ ©]’d2] 7§ solid phase2 3k <o) 1058~1093 cm™ ol A
AhrA 0 2 el CF, sym. stretch?] 33 92} 1107~1309cm™ o]l
A ABEH o2 YeElUE CF, twist 97l o= olEd = 747
1097, 1114 cm™¢ T =R @25 o] Ve on, 3047cmtolA UERGH
C-H stretch®] A% 3030 cm™® HZEHJSS 313yt o] A3 =
F3t R22 stol=@ o] EVE AAREHJAS W, R22 Solid¢} 71 F&5 oA
© 2% 33E 1) CF, sym. stretch®t CF, twist ¥ 7} 22 1097,
1114cm®] ¥ 32 9=5Ho| yYeue 543, 2) C-H stretch®] 327}
3047cm?el Al 3030cm™e] I AR HAZEHE EFow TR F 9o
o & Atk =3 NaClo]l ZEEHA @sks B9 593 XA HE
A7} NaCle] 238 R22 dto]=go]Ee] XRD HlolE|lE ZF{ald]
A% A3} NaCle] #H7b8 sho]=#olEolA F27 <l ®ol7t dojux
Fe= FAstAT =3, NaCle] 5571 Hold45 NaCl d =9 7
S AEeE B AFshA UERSLS ™, R22 solid phasedl A= w| kst
A GeEbSE 489em™ I F9] A9 slo|=eo|EoA U A YER4H,
NaCl®] =7} 7183 34 B% Z3stAl derd-S gRlstath

2 AFE 539 NaCl, MgClh, NiClL,7} H7te Al=8oA] R22 3}o]
SYolES AAAHS W ARt @& A FEH stel=dolES] T
Zo g dlolElE &Rttt o= 7t dto|=Ed ol ES A AR
T2 s A% F&3 velHE AHEEE + U& ZoE HoHATH
g 710 FHEHA FUE R22 slo|=HolES 2yt ~FHEZRES B4

ERAA AT LobIME F83A B8P & U o=

s )

2

>
=
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